Introduction
Composite materials are currently used in a number of fields. The quality of adhesiveness at the interface between organic and inorganic materials has a large effect on the characteristics of composite materials, particularly mechanical strength (1) . Silane agents are used to modify the surfaces of inorganic materials for the purpose of improving adhesiveness to organic materials (2) . Silane coupling agents are most frequently used in industry, to modify mechanical strength, adhesiveness, water resistance, electrical properties, weather resistance, and thermal resistance in the treatment of glass fibers, modification of inorganic fillers, modification of reinforced plastics by addition to matrix polymers, and modification of elastomers, paints, and adhesives. Recent technological advances have led to the development of a polymer cross-linking system (3).
Reaction mechanism for silane coupling agents
Silane agents are organic silicides with a chemical structure expressed as X 3 SiY, where X is a chloro, alkoxy, or acetoxy group. These groups can be easily changed to an alkoxy group by hydrolysis, which generates covalent bonding or hydrogen bonding with alkoxy groups on the surface of inorganic materials. The Y group contains a reactive group, such as a vinyl, epoxy, amino, or mercapto group, which combines with organic materials (Table 1 ). These two reactive groups improve interface adhesiveness.
A number of theories have been proposed to explain the surface modification mechanism of silane agents; however, the chemical bonding theory, which is easily understood, is the most frequently cited mechanism ( 
Applications for dental materials
Composite materials such as resin composites or ceramics have a color tone and glaze that resemble natural teeth and are increasingly common in dentistry. Dental resin composite is a particle-dispersed composite material in which silica particles (inorganic material) and resins (organic material) are used as core material and matrix, respectively. The inorganic fillers compounded in the dental resin composite are not simply mixed: their surface is chemically treated to combine chemically with the matrix resin. γ-Methacryloyloxypropyl trimethoxysilane (3-MPS; usually abbreviated as γ-MPTS) is a typical silane agent used for the surface treatment of fillers in resin composite. The methoxy group reacts with alkoxy groups on the surface of fillers, which liberates methanol and results in siloxane bonding (covalent bonding). The methacryloyl group radically polymerizes with double bonds in the matrix resin and chemically combines (5) . However, the treatment effect of silane agents is greatly affected by the type of inorganic compound, such as fillers, and the conditions of the surface of fillers, treatment processes, and treatment conditions. Thus, in practice it is difficult to obtain an even siloxane layer. In alkoxy silanes such as 3-MPS, which is hydrophilic and has relatively low hydrolyzability, not all alkoxy groups react with hydroxysilyl groups. Therefore, the surface of fillers cannot be treated evenly and the treatment effect is sometimes limited.
Nishiyama et al. (6) reported that a silane-treated layer prevented water entry and exhibited maximum stability against hydrolysis. However, another report (7) suggested that water molecules likely enter silane-treated layers and gradually hydrolyze siloxane bonding between fillers (Söderholm, Filler systems and resin interface, 3M Co., 1985) and that water molecules hydrate the resultant hydroxysilyl groups (Fig. 1) . Consequently, the bonding force decreases, as does the strength, water resistance, and durability of composite materials, as indicated in previous studies (8-10) (Krolikowaki, Kunststoffe 71, 1981). In addition, a possible cause for the decrease in mechanical strength induced by thermal stress is the different thermal expansion coefficients of the filler and matrix resin. Previous studies reported that a large difference in the thermal expansion coefficients of the filler and matrix resin results in stress at the interface and that the additional synergistic effect of water hastens deterioration of materials (11, 12) .
Triethyleneglycol dimethacrylate (TEGDMA) and 2,2-bis [4-(2-hydroxy-3-methacryloxypropoxy)phenyl] propane (bis-GMA) are multifunctional monomers used as matrix resin in resin composite. They have hydrophilic groups, such as alkoxy and carbonyl groups, and a high affinity for water. Kalachandra et al. (13) reported that the hydrophilicity of monomers affects water absorption of resin composites and that the cross-linking structure at polymerization is affected by the diffusion coefficient of water. Deterioration of the matrix resin also decreases the mechanical strength of resin composite. Metals such as Ba, Sr, Ti, Zr, and Zn are added to fillers of commercially available resin composite, to make them radiopaque. Ba is readily soluble in water, and reaction of Ba with water increases pH and diminishes the treatment effect (Craig, Overview of posterior composite resin, 3M Co., 1985). Nishiyama et al. (14) reported that chemical factors attributable to hydrolysis of the matrix resin and silane agents and physical factors such as polymerization rate, water absorption, and elution interact in a complex manner during resin composite deterioration. Interface deterioration in the oral cavity degrades the mechanical properties of resin composites, which is important in decreasing the life of restoration.
Resin-based luting agents-a composite material-are sometimes used when ceramic materials are attached to teeth. Silane coupling agents are also used for surface treatment of ceramics, an inorganic material. The oral cavity is a harsh environment because of its wetness, the temperature stress from drinking and eating, and mechanical stress caused by dental occlusion. Deterioration at the adhesive interface is highly likely because of hydrolysis of the silane coupling layer, a process also seen in composite resins.
New functions and applications for silane coupling agents
Because of the two reactive groups in the molecule, CH2＝CHSi(OC2H4OCH3)3 conventional applications of silane coupling agents have focused on adhesion between organic materials and inorganic materials. In recent years, however, applications that provide a reactive group (Y) with functions other than adhesiveness have been developed. These applications rely on fixing an organic functional group on the surface of a base substance by means of a hydrolyzable group (OR). Table 2 shows typical silane compounds used for this purpose. Methyltrimethoxysilane ("I" in the table) is the main raw material for wear resistance treatment agents and water repellent agents for the surface of plastics. Octadecylsilane (II) is used as a hydrophobic treatment agent for the surface of inorganic materials and as a carrier treatment agent for liquid chromatography and gas chromatography. Acyloxy functional silane (III) has been developed to improve dispersibility and enable dense filling when inorganic fillers are compounded in an organic matrix. Quaternary ammonium salt-functional silanes (IV and V) are used as liquid crystal orientation agents (15) , antibacterial agents (16), agents to prevent marine organism adhesion, antistatic agents, and agents to prevent blood clotting. Other applications of silane as a surface modifier include its use as an oxygen immobilization agent (15) and as an agent to obtain low-energy surfaces. Further research and development in these fields is expected (C08J 7/00 20060101AFI20150108BHJP, international patent, JP2014/074989, patent application, US Patent 6660784 B4, Dec 9).
Introduction of hydrophobic silane coupling agents
The silane coupling agent polyfluoroalkylsilane has a fluorocarbon chain and a methoxy group as a hydrolyzable functional group and hydrophobic fluorocarbon chains as an organic functional group. Previous studies (17, 18) reported that when polyfluoroalkylsilane acts on the surface of glass, it generates a state wherein CF 3 is densely packed on the outermost surface. This provides a larger contact angle with water and oleic acid, as compared with polytetrafluoroethylene (PTFE, Teflon). This treatment layer is so stable that hot concentrated nitric acid results in only minimal corrosion. Nihei et al. (19) developed and synthesized a surfactant with a fluoroalkyl chain. Using the modified surface of tooth enamel, they performed in vitro coloration resistance testing and bacterial desorption testing. The surfactant significantly resisted coloration and desorbed dye and bacteria, which suggests the possibility of anti-cariogenic action in clinical practice. It is likely that the water resistance and durability of composite resins can be increased by improving the hydrophobicity of the silane-treated layer. To accomplish this, silane agents can be mixed with a polyfluoroalkyl group, which, as is the case for 3-MPS, results in excellent water repellency and oil repellency. Mixed silane agents, i.e., those in which polyfluoroalkyltrimethoxysilanes (Table 3) with different chain lengths (17) are added to 3-MPS at varying ratios, were investigated in a study of the adhesive strength of composite resin to a modified glass surface, water resistance, and durability. The optimum 3-MPS mixing ratio depended on the type of fluoroalkyl chain. As compared with treatment with 3-MPS alone, treatment with mixed silane agents at the optimum mixing ratio resulted in significantly greater adhesive strength, less deterioration after dipping in water, and a high coupling effect.
In a 4F/3-MPS group (in which a silane with a fluoroalkyl group of four chains [4F; nonafluorohexyltrimethoxysilane] was added to 3-MPS), there was no significant decrease in the tensile strength of a composite resin after extension of the storage period and thermal Table 2 Silane compound used for surface treatment Table 3 Chemical structure and codes for fluoroalkylsilanes stress. This result was similar to that of a study of tensile adhesive strength between a composite resin and a modified glass surface (20) (Fig. 2) . However, a study of groups in which tridecafluorooctyl-(6F), heptadecafluorodecyl-(8F), or henicosafluorododecyltrimethoxysilane (10F) was added to 3-MPS found a decrease over time that was similar to that seen in a group treated with 3-MPS only; the effect of silane treatment was not significant. This suggests that the introduction of a hydrophobic fluoroalkyl group increased water repellency, which enhanced the hydrophobicity of the silane-treated layer, thus preventing water from entering the treatment layer. Therefore, a strong bond was formed due to suppression of hydrolysis at the filler/matrix resin interface. This bond was only slightly affected by stress at the interface, which is caused by temperature differences that could be accelerated by water entry.
The formation of such a bond, which was confirmed by dynamic viscosity testing, could explain the absence of a decrease in strength. Plueddmann (Composite materials, 6. Academic Press, 1974) reported that in silane-treated layers the interface would not be degraded by contraction strain due to resin curing or differences in expansion coefficients; however, the interface may slide due to reversible reaction through water. Salon et al. (21) inferred that because silane agents have highly reactive hydrolyzable groups and easily form oligomers, the flexible siloxane bonds formed between several silane agent molecules in an ordinary treatment layer may decrease stress at the interface. A treatment layer with fluoroalkylsilane mixed with 3-MPS has fewer double bonds, and the cross-linking density after polymerization with resin is lower than that after treatment with 3-MPS alone. However, the molecules are large, the silane-treated layer is thick, and interpregnation in the molecular chain is believed to be formed by mutual diffusion, because the structure of the mixed silane-treated layer is more flexible than that after treatment with 3-MPS alone. In addition, the decrease in internal stress caused by the difference in thermal expansion coefficients of the filler and resin during thermal cycling increases compatibility with the matrix resin (20) , the affinity between filler and base resin, and the hydrophobicity of the treatment layer. Therefore, good water resistance and durability were also observed after thermal stress testing. The tensile strength values for a 4F/3-MPS group were more stable and less variable than those in other groups that received mixed silane treatment, because the chain length and mixing ratio of 4F were suitable for mixing the 3-MPS evenly on the surface of fillers. Using an atomic force microscope to observe a glass surface modified with polyfluoroalkyltrimethoxysilane, Yoshino noted a state in which densely packed fluorocarbon chains forest (22) . Wettability was greatest on a glass surface modified with mixed agents, and the specific mixing ratio was about 20-40% of 4F. It is likely that the alignment of 3-MPS was arranged in this ratio in order to improve the wettability of matrix resin to the silane-treated layer, which formed a strong chemical bond that balanced hydrophilicity and hydrophobicity in the silane-treated layer. Evidence from previous studies (23, 24) suggests that mixing two or more types of silane agents enables control of both pH-the most important factor in interface structure-and molecular design, thus increasing adhesiveness at the interface and the strength of composite materials. These results also indicate that water resistance and durability are markedly improved by the addition of 4F. Tensile strength (MPa) Fig. 2 Tensile strength of prototype resin composites after immersion in water (37ºC) and thermocycling.
Prospects for silane coupling agents in dentistry
In dentistry, treatments that use ceramics and composite resins with a color tone and glaze similar to those of natural teeth are growing in popularity. The increasing use of these materials is attributable to the mechanical strength of ceramics and composite resins, the need for materials to replace increasingly expensive metals, and patients' increasing desire for esthetically pleasing results. In general, materials attached to teeth are compounds that have acrylic groups widely used in dental cement. However, when ceramics or composite resins are attached to teeth, chemical bonding to organic methacrylate adhesives requires surface modification. Because "integration with teeth" is a general rule in filling treatments or crown prosthesis restoration, adhesion is a fundamental factor. Easily operable composite resins are treated with silane coupling agents as a filler surface treatment. Silane coupling agents are likely to have an increasingly important role as adhesives because dental field is a medical does not hold unless using materials.
